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Abstract

The physical composition and intensities of exposures to solar particle events of

sensitive astronaut tissues are examined under conditions approximating an astro-

naut in space. Response functions for conversion of particle fluence into dose and

dose equivalent are used to establish significant fluence levels and the expected dose

and dose rates of the most important events from past observations. The BRYNTRN

transport code is used to evaluate the local environment experienced by sensitive tis-

sues and is used to evaluate bioresponse models developed for use in tactical nuclear

warfare. The present results will help to clarify the biophysical aspects of such expo-

sure in the assessment of relative biological effectiveness (RBE) and dose rate effects

and their impact on the design of protection systems for the astronauts. The use of

polymers as shielding material in place of an equal mass of aluminum would provide

a large safety factor without increasing the vehicle mass. This safety factor is suffi-

cient to provide adequate protection if an event a factor of 2 larger than has ever been
observed occurs during the mission.

Introduction

Solar cosmic radiation has long been recognized as a

serious potential hazard in space operations (rcf. 1). Also

the provision of sufficient shielding to keep exposures at

low levels was recognized to increase the complexity of

spacecraft with associated increased risks of mechanical
failure; trade-off of radiation health risks with the other

mission risks became the rule in the early space activity.

As a result of the national importance of the Apollo

Project (Apollo missions) to land men on the Moon,

rather high levels of exposure were allowed in the design

process because other risks within those missions were
also high, and a balance of radiation risks and the other

mission risks were assumed (ref. 2). The exposure limits
allowed in the design for the Apollo mission are given in

table 1. With the development of Skylab, Space Shuttle,

and now International Space Station Alpha (ISSA), the

routine nature of space operations has lead to a more con-

servative view of risk acceptability in space exposures

(ref. 3). Indeed, the National Council on Radiation

Protection and Measurements (NCRP) has recommended

the use of low Earth orbit (LEO) exposure limits for

Space Shuttle and ISSA operations (table 2) as a guide-

line for shield design in deep space exploration (ref. 4).

An earlier study of the exposures received in deep

space operations (the term "deep space" is used to refer

to operations outside the protective magnetic field of the

Earth) revealed that the solar event of August 4, 1972,

was the most important observed event and could deliver

a potentially lethal dose within several hours (ref. 5).

This revelation was a sudden departure from earlier
observed solar events that presented serious exposures

but viewed early lethality as only a remote possibility.

More recent studies using the August 1972 database on

exposure estimates evaluated dose rate effects as being

an important sparing factor (as a result of cellular repair

and repopulation) in survivability (ref. 6). In the study of

reference 6, a conservative approach was taken in that

dose equivalent rates were used and assumed equivalent

to exposures of 250 kVp X rays (ref. 7).

Many issues concerning the uncertainty in the asso-

ciated health risks in space exposures remain to be

resolved before one can confidently commit to new mis-

sions in deep space, and a clearer understanding of the

nature of the expected exposures is a prerequisite in

future radiobiological studies. In the present paper, a rel-

atively complete picture is given of the exposures which

would have been received by an astronaut in deep space

for the solar particle event of August 4, 1972, and some

of the protection-related issues are discussed.

Solar Particle Event Protection

Particles arriving at some remote location from the

Sun diffuse through the interplanetary media and show

some anisotropy in that the backscattered particles are

absent on the leading edge of the expanding radiation

field. Following the first 20 to 30 min after initial particle

arrival, isotropy is usually achieved. The radiation fields
that are incident on the spacecraft are assumed to be iso-

tropic. The exposure of the blood forming organ (BFO)

of the astronaut represented as five BFO compartments

(skull, arms, legs, lower torso, and upper torso) due to a

monoenergetic source of isotropic protons is shown in

figure 1 as a function of proton energy for three typical

shield representations assumed to be aluminum struc-

tures (space suit of 0.4 g/cm 2, pressure vessel of 1 g/cm 2,

and equipment room of 5 g/cm2). First note that the

effect of shielding is to move the shape of the response

curves to greater energies with little change in shape or

magnitude. The shape of the response curves does

depend on the BFO compartment as determined by the

mass distribution of the rest of the astronaut's body about



eachcompartment.In the presentcalculation,the
computerizedanatomicalmodel(CAM)thatisdescribed
in reference8isused.Fromfigure1,wesurmisethatthe
distributionof exposurewithintheBFOisnonuniform,
whichmaybeanimportantfactorin evaluationof astro-
nautexposurerisks(ref.9).

TheaverageBFOresponseisshowninfigure2with
theresponsefor otheridentifiedcriticalorgans(ocular
lensandskin)for whichexposurelimits(table2) are
given(ref.4).A criticalfluencelevelisdefinedasonein
whichtheexposureis approximatelytheexposurelimit
whichisontheorderof 5x 108protons/cm2for theBFO
and2 x 108protons/cm2for theskinandocularlens.A
potentiallydebilitatingeventwouldbeaboutI orderof
magnitudelarger than thesecritical fluencelevels
becauseearlyradiationsyndromeoccursatdoselevels
on an orderof magnitudelarger thanthe valuesin
table2.Theenergiesat whichthesignificantfluenceis
evaluateddependson theorganandshieldingasshown
in table3.Clearlyanysolarparticleeventwhosefluence
exceedstheselevelsfor thespecificshieldingof the
astronautrequirescarefulconsideration.The limiting
biologicalfactordependsonthespectralcontentin the
specificeventwhichdiffersfromeventtoeventasseen.

A recentevaluationof thehistoriceventsfor the
years1955to 1986wasgivenby Sheaand Smart
(ref.10).Since1986,dataareavailablefrom theepi-
sodesof 1989during themaximumphaseof solar
cycle22givenbySaner,Zwickl,andNess(ref.11)from
theGOES-7satellite.Theseeventsaresummarizedin
table4.TheestimatesofFoelscheetal.(ref.12)basedon
nuclearemulsionmeasurementsin soundingrocketsfor
theNovember12-13,1960,eventwereused.Theinter-
planetarymonitoringplatform(IMP) satellitedatawere
usedfor theAugust1972event.Fromtable4, several
eventsareshowntohavethepotentialtoexceedtheskin
andlenslimits(thatis,fluencelevelsabove20MeVon
theorderof 2 x 109)butonlyafeweventsarelikelyto
causesignificantBFOresponses(thatis,fluencelevels
above70MeVon theorderof 5 x 109).Theclearest
examplesaretheAugust1972and theOctober1989
events.Morecarefulanalyseswithcomputationalmod-
elsshowtheAugust1972eventasthedefiningeventfor
radiationprotectionpractice(refs.5 and13).Onlythe
August1972eventhastheability to causea potential
lethalexposure(refs.5and13).ClearlytheAugust1972
eventdominatesintherangeof70to 100MeVasseenin
figure3whichismostimportantto theBFO.In addition
to theimportanceof thespectralcontentof theAugust
1972event,the dominantportionof the exposure
occurredoverseveralhourscomparedwith3daysofthe
October1989eventfor whichrepairandrepopulation
will playvastlydifferentroles.

Asidefromthe totalfluence,thedoserateis an
extremelyimportantparameter.Somesomaticthreshold
dosesareobservedto doublewiththereductionof dose
ratebyafactorof 10(ref.14).Thelargeeventsintable4
lastedfor severalhoursto severaldays,andfactors
dependentondoserateareexpectedtobeimportant.The
particleintensitiesoftheAugust1972eventareshownin
figure4. Thetemporalbehavioris seento behighly
structuredandreflectsthecomplicatednatureof the
sourcesof theseeventsandtheassociatedinterplanetary
media.Currenttheorywouldassociatethiseventwith
coronalmassejectionswhichoccurwithinthedisturbed
regionon theSun.Theparticleflux isgeneratedin the
shockboundaryof theseejectedmassesandtherela-
tively undisturbedinterplanetarymedium. Super-
imposedon thegeneralstructureof particlesarrivingat
1auareshort-termincreasesastheshockboundaries
passtheobservationpoint.Theselocalshockeventsare
oftenlimitedto accelerationof onlylow-energyprotons
asseenin thefirst shockeventfor the>10MeVflux
earlyin theeventandaffectonlytheskindosewithina
spacesuit.Theshockonthetrailingedgeof themain
eventacceleratedthefluxat all threeenergiesaffecting
notonlytheskindosebutsubstantialcontributionstothe
BFOexposure.Clearlythedoseratesforspecificorgans
canbequitedifferentanddependon theenergiesto
whichtheorgansaremostsensitiveandthespectralcon-
tentof theevent.

Dosimetric and Shielding Evaluation

An exponential rigidity spectrum was used to inter-

polate with continuity at the 30 MeV data and extrapola-

tion above 60 MeV according to an exponential energy
spectrum with a characteristic energy of 26.5 MeV for a
decrease of lie. The resultant data are used to evaluate

the particle spectra at specific tissue sites by using the

BRYNTRN code (ref. 15). The protons are Iransported

through the shield and the astronaut's body to the tissue

point with the atomic and nuclear processes represented.

The tissue environments integrated over the event are

shown in figures 5, 6, and 7 for the three shield configu-

rations. The local tissue environment is complex as a
result of the nuclear reactions in the shield and the astro-

naut's surrounding body tissues. Although most protons

present at the tissue sites shown in the figures are those

incident on the outer shield surface and transported into

the body interior, significant numbers of protons appear

as secondaries. The neutrons are largely the product of
nuclear reactions in the aluminum shield as can be seen

by comparing the three shield configurations. Although

the neutrons themselves contribute negligibly to the dose
or dose equivalent, they have their effects on the remain-

ing components shown. The local dose and dose

equivalent are made up of the energy transfer processes



of the atomic collisions of these components plus an

added contribution of the multiple charged components

of atomic number greater than 2. The neutrons then play
the role of transporting energy deeper into body tissues

and impact the biology mainly through the production of

secondary charged particle components through colli-

sions with tissue nuclei which subsequently interact with

local tissues through atomic processes.

In the current version of the BRYNTRN code, the

cross sections for neutron and proton production are

taken from the Bertini database (ref. 16) associated with

the HETC (ref. 17) or the LAHET Monte Carlo codes

(ref. 18). These cross sections are not able to describe the

light ion production in collisions with the shield material

as found in experimental studies aboard the Space

Shuttle (ref. 19). The current light ion database is derived

from cluster knockout models for not only the proton and

neutron but also light ion-induced reactions; this results

in very energetic light ion production and light ion

breakup calculations (ref. 20) as required to match Space

Shuttle experiments.

The average linear energy transfer (LET) distribu-

tion within the BFO is shown in figure 8 for the three

shield configurations. About a factor of 4 decline is noted

in total charged particle fluence within the BFO in
increasing the shielding from 0.4 to 5 g/cm 2. The fluence

near and above 100 keV/btm is less affected by the

shielding due to the compensation of loss in penetrating

protons in atomic and nuclear collisions by secondary

neutron production mainly in the shield and transport to

the BFO region. The distribution of LET components as

contributions to dose equivalent is shown in figure 9.

Slightly less than half the dose equivalent is from high

LET components (LET > 10 keV/lam ). This fact is most

important in that the high LET radiations are less

affected by dose rate effects compared with the low LET

components. This independence of dose rate effects is

interpreted as evidence that irreparable damage results

from high LET exposures (ref. 7). Tissue recovery from
high LET exposure components occur mainly through

repopulation.

The dose and dose equivalent rates in the three criti-

cal organs are shown in figures I0, 11, and 12. The radia-

tion quality at the skin and lens is variable throughout the

event in the space suit and pressure vessel. The radiation

quality in the equipment room is nearly time indepen-

dent. The radiation quality within the BFO depends less

on both shielding and time. The dose equivalent rates for
the skin and lens can be very high (1 to 10 Sv/hr in a

space suit and 1 to 3 Sv/hr even in a pressure vessel). The

BFO exposures are about a factor of 10 or more smaller

(10 to 20 cSv/hr in a space suit or a pressure vessel and 5

to 7 cSv/hr in the equipment room). The total dose and

dose equivalent are given for the three critical tissues in
table 5. The provision of a shelter with 10 g/cm 2 of alu-

minum will provide sufficient shielding to meet the

30-day limits in table 2. The exposure levels in the equip-

ment room or shelter in table 5 can be reduced by large

factors by replacing much of the aluminum structure with

polyethylene of the same total mass as seen in comparing

with table 6. Exposures on the lunar surface would be as
low as half the values in the tables because the lunar

mass provides a shadow shield over half the solid angle.

The problem of shield design for protection from

such events is complicated by the statistical nature of

solar particle event occurrence. The confidence level is

about 97 percent of not exceeding the fluence level above

30 MeV from the August 1972 event on a l-year mission

near the next solar maximum (ref. 21). (Note that high

annual fluence levels are usually dominated by the larg-

est event within the year.) To achieve 99.5 percent confi-
dence level above 30 MeV, one must assume a fluence

level about 4 times the August 1972 event or approxi-

mately 10 times the fiuence of the October 1989 events.

To make an exact assignment of ratios is difficult

because the spectral contents of the events are markedly

different. We also note that 4 times the August 1972

event is not equivalent to 10 times the October 1989

event even if the fluence levels and spectral content were
the same because the time structure of the events is radi-

cally different. We suggest that four times the August

1972 event be taken as an approximation to the 99.5 per-
centile annual fluence with the time structure that most

particles arrive in several hours. A rationale for shield

design may be to design for the largest event observed

but recognize that it may be exceeded with 3 percent con-

fidence. An event of four times the August 1972 event

would appear as an accidental exposure not considered

during the design process; one would design medical
procedures to cover the possibility of accidental expo-

sure. One can contemplate that the health of the astronaut

can be severely impacted in the unlikely occurrence of a

99.5 percentile event as seen in table 7. Again the added

safety provided by using an equal mass of polymer as

opposed to aluminum shielding can be important as seen

in table 8. Although the design limits in table 2 would be

exceeded within the shelter made of polyethylene, early

radiation hematopoietic syndrome is unlikely as seen

from table 9; again the potential importance of organic

materials for radiation shielding to add a safety margin

without adding to mission launch costs is emphasized.

Accidental Exposure

The design process would be aimed at keeping expo-
sures within acceptable limits as given in table 2 under

normal operating conditions. Even so the nature of space
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operationsrequiresthatworkor explorationactivity be

extended into relatively unprotected regions (e.g., space

suit or poorly shielded rover) or in living quarters, which

tend to be an enclosed compartment surrounded by little
more than a pressure vessel wall. The exposures can be

kept at relatively safe levels by a warning to the astronaut

to seek shelter in a protected region during a solar event.

Even so, the occasion may arise that the shelter may not
be acquired as planned and the exposures to the astronaut

can be very high especially in a space suit and unsafe

even in a pressure vessel as seen in table 5. Alternatively,
the design may be to provide adequate protection only

against the August 1972 event. Any improbable more

intense event occurrence that leads to higher than antici-

pated exposures would be considered an accident. Expo-

sures (given promptly) at which significant health effects

occur have been summarized from various sources by the

National Academy of Sciences (ref. 14) and NCRP

(ref. 4) and are shown in table 9. The dose associated

with 50 percent mortality (LDs0 value) is affected by the
degree of medical support; intensive medical care can

greatly increase the chances of survival (ref. 4). Clearly

a significant probability of early radiation hematopoietic
syndrome would result unless dose rate effects are suffi-

ciently important to reduce the risks due to cellular repair
and repopulation.

The thresholds for early skin response is about 6 Sv

for prompt exposures (approximately 30 min). The

effects of protraction of the exposure to several hours
increases the effective threshold as T°29where T is the

exposure time for an overall correction factor of 2.15 for

the August 1972 event (raising the erythema threshold

from 6 Sv to 12.9 Sv). Even then the exposures in table 5

are likely to cause early adverse skin responses even in a

pressure vessel. Aside from this crude analysis, no

detailed models for many tissues exist as the one for the

BFO response developed by the military for field assess-
ment in tactical nuclear warfare (refs. 7 and 22). Proba-

bly enough data exist for dose and dose rate effects on

skin and crypt cells of the gut to develop a model similar
to that available for the BFO.

Recent practical experience was gained as a result of

the Chernobyl accident where most exposures were char-

acterized as a relatively uniform whole-body exposure

due to gamma rays and surface exposure an order of

magnitude larger from beta emitters (ref. 23). This com-

bination of exposure is somewhat similar to space expo-
sure distributions (ref. 5) as shown in tables 5 to 8. No

deaths occurred among those whose whole-body expo-

sure at Chernobyl was less than 2 Gy. All 84 patients

having exposures from doses greater than 2 Gy to the
bone marrow system were given supportive care includ-

ing isolation, antibiotics, and in extreme cases transfu-

sions and transplants (ref. 23). Radiation-induced skin
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reaction was a complicating factor in overall treatment of

the Chernobyl victims (ref. 23). Only one death occurred

among the 43 exposed between 2 to 4 Gy under condi-

tions of intense supportive care.

The diagnostics of the Chernobyl accident relied on

biological and physical dosimetry. The blood elements

within exposed individuals were monitored within 12 hr

of the accident and used as a biological dosimeter to indi-

cate the level of exposure. To understand this methodol-

ogy, the kinetics of the marrow system are shown in

figure 13. The stromal cells reside on the bone surface

and consist of those populations associated with the yel-

low marrow in distinction to the hematopoietic red mar-

row. The stem cells attach to the stroma, and cytokines

are transferred through cell-to-cell gap junction channels

during hematopoiesis; however, stem cells are highly

mobile inside the body and circulate in the blood to
other, perhaps depleted, sites of the marrow, and thus,

repopulation and survival are aided. The stromal cells

provide growth factors which are responsible for the rate
of cell propagation among the lineage-committed stem

populations. The long-term repopulating stem cells dif-

ferentiate into lymphoid and myeloid stem populations

which further propagate into specific blood elements.

Humoral factors added by the stromal cells control the

rate of progression of these differentiated stem popula-

tions. All other blood elements are produced by further

differentiation among these two stem populations. Radia-

tion injury to these stem and stromal populations will

have its ultimate consequences in the peripheral blood.
The time variation of these peripheral blood elements

(specifically the lymphocytes, neutrophils, and platelets)

were used to estimate the level of exposure (ref. 23) by

using the nadir of the peripheral blood response curves.

Kinetic models of the stem and stromal populations

based on animal studies are used in the present report to

develop a better understanding of the anticipated
response of the astronaut to solar particle event exposure.

This discussion has been greatly simplified. Actually,

cytokines are produced by several lineages including the

stroma, macrophages, T lymphocytes, and B lympho-

cytes. Also, cells respond autogenously to cytokines or

by humoral diffusion in addition to the dominant path-

way involving gap junctions and cell to cell contact.

The human LDs0 (lethal dose for 50 percent mortal-

ity) to bone marrow seems to be about 3 Gy for the

atomic bomb survivors (ref. 24). But the LDs0 for man
can be increased with antibiotics, blood transfusions, and

cytokine therapy to about 6 Gy of low LET radiation

delivered at a high dose rate. Supportive medical care

including bone marrow or blood stem cell transplant
could increase survivability to high levels as shown in

table 9 but such medical procedures themselves carry

additional attendant risks (ref. 23) that may be



modifiedbypreconditioningto thespaceenvironments.
ConverselyMorrisandJones(refs.25to27)havemod-
eled13speciesoftestanimalsandpredictedtheLDs0for
mantobeonlyabout1.8Gyif confinedinacageunder
nonsterileconditionssimilarto thatusedfor testanimals.
Suchshiftsmayin factbetypicalforspaceexposureand
wouldbeanimportantdeterminantof astronauthealth.
Thegeneticselectionofastronautsandtheirconditioning
mayincreasetheirradioresistance,butspaceenviron-
mentalfactors,stressof closeconfinement,biological
stressfrommicrogravity,anxietyregardinghighradia-
tion fields,cabinatmosphere,andotherfactorsmay
decreasetheirradioresistance.

Themodelfor earlylethalityasadaptedby Jones
etal. (refs.22and7) is usedto examinetherepair/
recoveryeffectsinhumansdueto ratherlargeexposures.
Fig-ure14showsthemortalityfor a2-Gydoseto the
bonemarrowby 250kVpX raysdeliveredasmultiple
equalfractions1hr apart.Eachfractionwasgivenin a
15-minexposure.Mortalitycanbequitelargewhen
receivedin asinglehighdoserateexposure.(Notethat
JonesestimatesthatthebonemarrowLD50of 250kVp
X raysis 2.15Gywhereasthatof 6°Cogammaraysis
2.95Gy.)Supportivemedicaltreatmentis expectedto
allowsurvivalasshownin figure14.Asthenumberof
fractionsisincreased,themortalitydropsdramaticallyto
lessthan10percent(evenwithoutmedicaltreatment)
beyond15fractions(or equivalently15hr). Thestem
andstromalcellsurvivalattheendofeachfractionated
exposureisshownin figure15.Stemcellsurvivalforthe
single2-Gybonemarrowdoseis verylow (muchless
than10percent).Asthenumberof fractionsisincreased,
the stem cell survivalshowsa dramaticincrease
approaching40percent.Likewise,similarbut lessdra-
maticchangesin thestromalcellpopulationandrepopu-
lationreducestheprobabilityof deathforthe20fractions
at2Gyto 10percent.Clearly,cellularrepairandrepopu-
lationareeffectivein reducingtheriskwhentheexpo-
sureis highlyfractionatedwith adequatetimebetween
fractionsfor repair.(Little repopulationtakesplace
betweenthehourlyfractions.)Thestemandstromalcell
populationsduringandafterexposureto a 2-Gybone
marrowdosegiven as 20 fractionsare shownin
figure16.Therecoveryperiodin thiscaseis about2
to4weeks.

In amorerecentstudyby Jonesetal. (ref.28),the
fissionneutronRBEfor repopulationwasfoundto be
from2 to7relativeto6°Cogammarays,whichissome-
whatsmaller(byafactorof3to5) thanthequalityfactor
usedfor carcinogenesis.Becauseoverhalf thedose
equivalentis dueto lowLETradiations(fig. 9),theuse
of doseequivalentwouldbea somewhatconservative
approximationto the RBE.The averageBFO dose
equivalentratesin figure12areusedinconjunctionwith

thebioresponsemodelofJonesetal. toestimatethecor-
respondinghealthrisks.

Spacesuitlife supportsystemsarelimitedto 8hrof
continuoususe;therefore,theeffectsof theworst8-hr
exposureonthebiologicalresponseis studied.Theesti-
matedcellpopulationsshieldedbyaspacesuitandpres-
surevesselareshownin figure17for theAugust1972
event.Thestemcellpopulationdropstoabout58percent
in thespacesuitand66percentin thepressurevessel.
Undertheseconditions,little risk of deathexists.Of
course,responsibleprotectionpracticewouldstillrequire
theastronautto seeksheltertoreduceexposuresto the
levelsin table2. For an eventwith a flux factorof
2higher(approximatelya 99percentileannualfluence
level),theworst8-hrexposuresarehigherwith large
changesin cellpopulationsasshownin figure18.The
correspondingriskof deathwithouttreatmentis 12and
5percent,andmedicaltreatmentis likely required.In
eachcase,theeffectson thecellpopulationsareslight
althoughtheaccumulateddoseequivalentislarge.Note
thatthehighereventflux(2timesthatof August1972)is
neartheLD50,butmortality(adequatemedicaltreatment
assumed)isnegligibleasaresultof doserateeffectsand
thesparingfactorisabout4.

TheAugust1972episodewasa sequenceof three
distincteventsover8days(fig.4).Theeffectof spend-
ingthefirst 50hr of theeventin a pressurevesselor
equipmentroomis shownin figure19.Thesurviving
fractionof stemandstromalcellsexhibitrepopulation
afterthepassingofthepeakoftheeventsothatthelatter
portionoftheeventhaslittleeffectonmortality.Indeed,
themortalityestimatefor thefirst50hriswithin10per-
centof themortalityof theworst8 hr. Deathis not
expectedfortheAugust1972event.If aneventtwiceas
largeastheAugust1972eventoccurs(fig.20),thenthe
riskof death(12percent)withoutmedicaltreatmentis
small.Takingthe99.5percentannualfluenceasfour
timestheAugust1972eventleadstotheestimatesin fig-
ure21.Depopulationof bothstemandstromacellsis
severein thepressurevesselandsignificantevenin an
equipmentroom.Theriskofdeathin thepressurevessel
is about88percentunlesssupportivemedicalcareis
given;thentheriskisreducedto9percent.Theseresults
aresummarizedin table10.Again,theuseof polymer
structureswouldprovideanimportantsafetymarginand
greatlyreducetheriskswithminimalimpactonmission
cost.Theseeventsareextremelyimprobable,but if one
occursit is apt to havedireconsequencesin exposure
accidentsunlessadequateplanningis madeto provide
necessarymedicalsupport.In theequipmentroom,the
radiationsaregreatlyreducedandriskof deathis small
(3 percent)evenwithout medicaltreatment.Useof
polymermaterialsinsteadofaluminumwouldprovidean
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added safety factor to assure survivability for exposures
within the equipment room.

In the estimates of mortality, no increase in radiosen-

sitivity due to space stress factors or the possible compli-

cations arising from injury to other organs, especially the
skin, has been included. Even so, astronaut survivability

will occur with some medical planning for an accidental

exposure except in the improbable case of an event four

times larger than that observed on August 4, 1972, occur-

ring and the exposures are protracted only for several
hours.

Discussion

The August 1972 solar particle event is the single

most important observed event in relation to the protec-

tion of astronauts in deep space in nearly 50 years of

observations. Although a potentially lethal dose would

have been received by an astronaut in a space suit or even

in a typical pressure vessel, the modest shielding pro-

vided by an equipment area within spacecraft structures
(approximately 5 g/cm 2 of aluminum) would have been

sufficient to assure survival and a shelter of 10 g/cm 2

would have maintained exposures within the prescribed

30-day limits. Even greater protection is provided if large

quantities of the aluminum structure is replaced by an
equal mass of polymer materials. In any event, the mis-

sion could proceed by providing adequate warning to the

astronauts to seek a protected region within the
spacecraft.

Adequate protection (table 2) from the hazard of

observed solar events of the past can be provided to the

astronaut in deep space by adding a shelter of approxi-
mately 10 g/cm 2 of aluminum. A safety factor of 2 can be

added if the shelter is constructed of an equal mass of

polyethylene (or, alternatively, water, food stuffs). Pro-

tection from the 99.5 percentile annual fluence (which is

usually dominated by a single solar event and was

assumed in the study discussed herein) will not be pro-

vided unless additional massive shielding is added.
However, the risk of death is small within a shelter of

l0 g/cm 2 of aluminum, and little risk of death occurs if

the aluminum of the shelter is replaced by an equal mass

of polyethylene. Furthermore, the use of an equal mass of

polyethylene for the shelter will reduce astronaut expo-

sures to within a factor of 2 of the protection standards in

table 2. From a practical point of view, one may wish to
design for the largest observed event and view the less

probable and higher intensity events as potential acciden-

tal exposures on the basis that no such events have ever

been observed in nearly 50 years of observations. With

this philosophy, the improbable high fluence events indi-

cate in application of the bioresponse model that a high

degree of medical preparedness is required.

A warning system needs to provide information for
(1) warning the astronaut to seek shelter, (2) an assess-

ment of the astronaut health status in the event adequate

shelter is not acquired during the event (accidental expo-

sure), and (3) interdiction therapies if the shelter is inade-

quate because a much larger event may occur than

accounted for in the design. The spectral qualities of the
radiation needs to be measured as well as the intensities

during the event. The most important spectral informa-
tion is in the range of 20 to 110 MeV with critical fluence
levels of 2 x 108 protons/cm 2 for skin and ocular lens and

5 x 108 protonsdcm 2 for the BFO. The spectral intensities

would be used with required mission software to estimate

the dose and dose equivalent rates to specific tissues.
Bioresponse models would be required to determine

prognosis and proper medical treatment. In this respect,

the hematopoietic response is strongly dependent on

radiation quality, dose rate, and uniformity to the mar-
row; useful extensions to the current calculations should

include direct considerations of these factors instead of

adding modifying factors to idealized assumptions as

was done in the present report. Such calculations, plus

medial triage based on initial changes in blood counts

(e.g., lymphocytes)could contributess significantly to

postexposure therapeutic planning for interdictive mea-
sures such as antibiotics, infusion of irradiated blood ele-

ments, barrier conditions, granulocyte-monocyte colony

stimulating factor (specific cytokine therapy) marrow

transplantation. On the basis of the present study, it
appears safe to say that mortality is not expected to be an

issue if adequate medical provision is made to treat

adverse effects of the exposure unless there is an unlikely
occurrence of an event on the order of four times the size

of the August 1972 event. The design of medical treat-

ment facilities is an issue beyond the scope of the present

report. Even in a simple pressure vessel, a significant risk

of death exists even with good medical practice. Again

one needs to emphasize that these events are very
unlikely.

Concluding Remarks

Adequate protection from the largest solar event ever

observed from an astronaut protection point of view

(August 4, 1972) is provided by a shelter made of
10 g/cm 2 of aluminum. Although the exposure levels are

potentially lethal, the dose rate effects reduce the risk by

a sparing factor of 4 to a small mortality even if adequate

shelter is not acquired in a timely fashion from the less

protected regions of the spacecraft or a space suit and if

the complications of injury to other organs such as the
skin are not severe. Although exposure limits are

exceeded within the more protected regions of the space-

craft outside the shelter (an equipment room), the astro-

naut should suffer minimal early illness. The scale of the



August4, 1972,eventis ontheorderof the97percentile
annualfluence.

If themissionshieldingwasdesignedonthebasisof
thelargesteventobserved,thereis a smallprobability
(3percent)thatanevenlargereventmayhappenduring
themission.AneventtwotimeslargerthantheAugust
1972eventwouldposeagreaterhazardif shelteris not
acquired;healthriskswoulddemandthatmedicalproce-
duresbe partof missionplanningto ensuresurvival.
Althoughthe30-dayexposurelimitswouldbeexceeded
inashelterof 10g/cm2ofaluminum,theuseof anequal
massof polyethyleneis sufficientto keeptheexposure
withinacceptablelimitswithminimalimpactonmission
cost.Thereisanunlikelychance(1percent)of aneven
largereventsuchasfourtimestheAugust1972event
occurring.Forsuchanevent,direconsequencescould
occurif shelteris notacquired.Evenin theshelterof

10g/cm2 of aluminum,exposuresarewell abovethe
acceptedlimits althoughno earlyradiationillnessis
expected.The useof an equalmassof polyethylene
reducestheexposureswithinthesheltertowithinafactor
of 2ofacceptedexposurelimits.

Outstandingquestionsresultingfrom the present
studyconcernaddedfactorswhichmayalterthebiologi-
calresponseasrepresentedin thepresentmodel,suchas
stressof confinement,microgravity,thecomplications
arisingfromrelatedtissueinjury.Theseconcernsneedto
beaddressedbyradiationexperimentsinspaceandlabo-
ratorystudies.

NASALangleyResearchCenter
Hampton,VA23681-2199
June23,1997
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Table 1. Exposure Limitations for Apollo Missions

[Missions were approximately 2 weeks]

Organ

BFO
Skin
Lens
Hands and feet

Exposure
limitations,
cSv or rem

200
700
200
980

Table 2. Recommended Organ Dose Equivalent Limits

[From NCRP 98 (ref. 4)]

Exposure
interval

Dose equivalent, Sv, for--

Blood forming organ Skin Ocular lens

Career al-4 6 4
Annual 0.5 3 2

30 Days 0.25 1.5 1

aVaries with age and gender at initial exposure.

Table 3. Critical Fluence Levels in Astronaut Exposures

Fluence,

protons/cm 2

Critical energy, MeV, in--

Organ Space suit Pressure vessel Equipment room

BFO 5 x 108 =70 =80 --110
Skin and lens 2 x 108 --20 ---30 ---75



Table4.FluenceLevelsof Solar Events of Cycle 19-22 Likely to Exceed Exposure Limits

Date Fluence, protonsdcm 2, for energy of---

Month Day Year >10 MeV >30 MeV

February

July

July

July
aNovember

November

July
November

April

January
bAugust

February

April

September

May
October

February

April

August

September
October

November

23

10-11

14-15

16-17

12-13

15

18

18

11-13

24--25

4-9

13-14

30

23-24

16

9-12

1-2

25-26

12-...

29-...

19-...

26-...

1956

1959

1959

1959

196O

196O

1961

1968

1969

1971

1972

1978

1978

1978

1981

1981

1982

1984

1989

1989

1989

1989

2x 109

5 x 109

8 x 109

3 x 109

8 x 109

3x10 9

lxl09

1X10 9

2×10 9

2X10 9

2 X 101°

2 X 109

2 X 109

3 X 109

1 × 109

2 X 10 9

1 × 10 9

lxl0 9
8 x 10 9

4 x 10 9

2 x 1010

2 x 109

1 x 109

1 x 109

lxlO 9

9 x 10 8

2xlO 9

7x 10 8

3 x 10 8

2 x 108

2x 108

4 x 108

8 × 109

1 x 10 8

3 × 108

4x 108

1 x 108

4x 108

2x 108

4x 108

2x 10 8

1 x 10 9

4 x 10 9

1 x 108

aFoelsche et al. (ref. 12).
bWilson and Denn (ref. 5).
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Table5.DoseEquivalentandDoseinCriticalBodyOrgansinAluminumStructure
DuringAugust1972SolarEvent

Spacesuit Pressurevessel Equipmentroom Shelter
Dose Dose Dose Dose

equivalent, Dose, equivalent, Dose, equivalent, Dose, equivalent, Dose,
Organ cSv cGy cSv cGy cSv cGy cSv cGy
Skin 9350 4830 3560 2120 427 294 110 76
Lens 3830 2400 2140 1420 367 263 101 71
BFO 217 157 180 130 65 47 24 17

Table6.DoseEquivalentandDoseinCriticalBodyOrgansin PolyethyleneStructure
DuringAugust1972SolarEvent

Spacesuit Pressurevessel Equipmentroom Shelter
Dose Dose Dose Dose

equivalent, Dose, equivalent, Dose, equivalent, Dose, equivalent, Dose,
Organ cSv cGy cSv cGy cSv cGy cSv cGy
Skin 6770 3620 2510 1540 267 184 58 40
Lens 3530 2080 1810 1150 251 171 57 38
BFO 212 151 174 120 50 34 16 10

Table7.DoseEquivalentandDoseinCriticalBodyOrgansinAluminumStructure
forEventFourTimesThatofAugust1972

Spacesuit Pressurevessel Equipmentroom Shelter
Dose Dose Dose Dose

equivalent, Dose, equivalent, Dose, equivalent, Dose, equivalent, Dose,
Organ Sv Gy Sv Gy Sv Gy Sv Gy
Skin 374 193 142 85 17 12 4.4 3.0
Lens 153 96 86 57 15 11 4.0 2.8
BFO 8.7 6.3 7.2 5.2 2.6 1.8 1.0 0.7

Table8.DoseEquivalentandDoseinCriticalBodyOrgansinPolyethyleneStructure
forEventFourTimesThatofAugust1972

Spacesuit Pressurevessel Equipmentroom Shelter
Dose Dose Dose Dose

equivalent, Dose, equivalent, Dose, equivalent, Dose, equivalent, Dose,
Organ Sv Gy Sv Gy Sv Gy Sv Gy
Skin 271 145 100 62 10.7 7.4 2.3 1.6
Lens 141 83 72 46 10 6.8 2.3 1.5
BFO 8.5 6.0 7.0 4.8 2.0 1.4 0.6 0.4
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Table9.ExposureLevels for Single, High-Dose Rate Exposure at Which Health
Effects Appear in Healthy Adults

[From refs. 4 and 14]

Health effect

Blood count changes in a population ...............
Blood count changes in individuals ...............

Vomiting effective threshold .....................
Mortality effective threshold .....................

LDso with minimal supportive care ................
LD50 with supportive medical treatment ............
Erythema threshold ............................

Moist desquamation ...........................

Dose, X or gamma

radiation, Gy

0.15-0.25

0.5
1.0
1.5

3.2-3.6
4.8-5.4

6.0
30.0

Table 10. Expected Mortality Without Adequate Medical Treatment for

Various Aluminum Shield Configurations

Expected mortality, percent, in--

Event Space suit Pressure vessel Equipment room Shelter

August 1972 al 1 0 0
2 x Aug. 1972 a12 12 0 0

4 x Aug. 1972 a87 88 3 0

aWorst 8 hr.
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Figure 14. Mortality for hourly fractionated 2-Gy bone marrow dose from 200 kVp X rays as function of number of
fractions.
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Figure 15. Stem and stromal cell survival at end of exposure period for fractionated 2-Gy total bone marrow dose from
200 kVp X rays.
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Figure 16. Surviving fraction of stem and stromal cell populations for 20 hourly fractions of 2-Gy total bone marrow
dose from 200 kVp X rays showing recovery period.
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Figure 17. Surviving fraction of stem and stromal cell populations for worst 8-hr exposure during event of August 1972.
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Figure 18. Surviving fraction of stem and stromal cell populations for worst 8-hr exposure during event two times that
of August 1972.
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Figure 19. Surviving fraction of stem and stromal cell populations for exposure during event of August 1972.
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Figure 21. Surviving fraction of stem and stromal cell populations for exposure during event four times that of August
1972.
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